Introduction
The presence of somatic stem cells, which have high proliferative capacity, multipotency (capacity to differentiate into multiple mature cells with different functions) and self-renewal capacity (capacity to maintain the stem cells as themselves by asymmetric division) has been gradually revealed in various digestive organs such as intestines and liver. Although researchers used to be interested in somatic stem cells from the perspective of their application in regenerative medicine, they have recently been attracting much attention in cancer research because their association with carcinogenesis process was elucidated.
A number of genes that are involved in self-renewal capacity, namely, "stemness genes", have been identified through characterization of hematopoietic stem cells and neural stem cells. These genes were found to be involved in the self-renewal of somatic stem cells also in the liver. On the other hand, because these "stemness genes" turned out to be cancer-associated genes, efforts have been made to understand the carcinogenesis and the mechanisms of cancer recurrence and metastasis from the perspective of hierarchy of stem cell system. The hypothesis that the stem/progenitor cells in tissue are the source of cancer development have started to be verified by prospective analysis for tumor initiation using isolated normal stem/progenitor cells.
In other words, the concept that, as is the case with the presence of stem cells in normal tissues, cancer stem cells are also present in tumor tissues. Cancer stem cells initiate tumors forming a hierarchy of heterogeneous cancer cells.
Here, I will describe the newest findings on hepatic stem/progenitor cells that are attracting attention as a source of the development of hepatocellular carcinoma and cholangiocarcinioma and discuss the association between the self-renewal of hepatic stem cells and the process of malignant transformation.
Hepatic stem cells in the liver
Hepatic stem cells that are present only in small numbers and are difficult to distinguish by their morphology have been separated and identified from the isolated populations of hepatocytes and cholangiocytes by the highly accurate cell separation method using fluorescence activated cell sorting (FACS, established as a way to purify the hematopoietic stem cells that are present in extremely small numbers in individual organisms) and fluorescent-labeled monoclonal antibodies [1, 2] .
As an indicator in cell fractionation by FACS, α-6β1 integrin has become a focus of attention, which is a receptor specific to laminin, a component of extracellular matrix that is present exclusively in periportal area. This is because hepatic stem cells are hypothesized to be present around the duct of Hering in the portal area of hepatic lobules. The cells with the capacity to form clonal colonies and multipotency to differentiate into hepatocytes and cholangiocytes was shown to be present exclusively in the population of c-Met+c-Kit-CD49f+/lowCD29+CD45-TER119-cells. c-Met+c-Kit-CD49f+/lowCD29+CD45 -TER119-cells account for extremely small proportion (only 0.3%) of ED (embryonic day) 13.5 fetal liver, in the examination of non-blood cell fraction (CD45-Ter119-cells) in fetal liver by using the expression of α6 integrin (CD49f), β1 integrin (CD29), c-Kit (stem cell factor receptor) and c-Met (hepatocyte growth factor receptor) as indicators (Fig. 1A-B) . Furthermore, experiments by repeating clone sorting clearly verified that some of these cells can proliferate in vitro for more than six months while maintaining their multipotency, suggesting that they have self-renewal capacity which is an important property of stem cells [2] . These cells can remodel hepatic lobular structure and bile duct structure in vivo for prolonged period of time after cell transplantation into the injured liver (Fig. 1C) . Moreover, as somatic stem cells are now thought to have higher differentiation plasticity than they were speculated before, c-Met+c-Kit-CD49f+/lowCD29+CD45-TER119-cells have demonstrated their potential capacity to differentiate into the pancreas and small intestine that are close to the liver in their embryologic origins [2] .
In the future, the mechanism of the regulation of hepatic stem cell differentiation is expected to be elucidated by using the prospective analysis system on these cells, advancing the understanding of the stem cell system in the liver. In addition, it is crucial to scientifically verify the importance of these hepatic stem cells as a source of the development of hepatocellular carcinoma and cholangiocarcinoma.
Self-renewal of stem cells and carcinogenesis
In regard to hepatocellular carcinoma or intrahepatic cholangiocarcinoma, the carcinogenesis process starting from "oval cells", which have bipotent differentiation capability into hepatocytes and cholangiocytes, has been suggested, and "stem cell hit theory", the hypothesis that stem/progenitor cells in normal tissue are the source of cancer development, has been propounded [3, 4] . In clinical pathology, combined hepatocellular and cholangiocarcinoma, which has a property between liver and biliary tract cancer, is known to exist. Thus, the carcinogenesis process in the liver that starts from stem/progenitor cells as a source of cancer development is thought to be possible [5, 6] .
On the other hand, as a new finding in stem cell biology, "stemness genes", which are various gene clusters that are related to the characteristics of stem cells, are being identified. Specifically, molecules in Wnt/βcatenin, Hedgehog, Notch and other signaling pathways are being identified as families of molecules that are closely involved in self-renewal of stem cells in hematopoietic stem cells and neural stem cells [7] . Because abnormalities of signaling pathways associated with the similar families of molecules are found with high frequency in leukemia or brain tumor [8, 9] , it is suggested that these abnormalities would potentially be involved in hyperplasia of tissue or carcinogenesis through excessive self-renewal of somatic stem cells. In fact, it has been reported that activation of Wnt/βcatenin signaling induces excessive self-renewal of hematopoietic stem cells, thus leading to the development of leukemia and that activation of polycomb group gene Bmi1, which is involved in self-renewal of neural stem cells, by Sonic hedgehog signaling is important in the development of brain tumor [10, 11] .
There are a number of reports on mutation of the genes for Wnt/βcatenin, Hedgehog and Notch signaling pathway also in liver tumor. Especially in hepatoblastoma, mutation of the β-catenin gene has been reported to be found in extremely high frequency [12] . In addition, in the pancreas which is embryologically close to the liver, abnormal activation of Hedgehog signaling pathway is shown to be involved in the carcinogenesis in pancreatic cancer [13] , suggesting that the families of molecules that are involved in the selfrenewal of stem cells can be closely involved in the carcinogenesis through abnormal self-renewal of somatic stem cells, also in the liver and the pancreas.
Enhanced self-renewal of hepatic stem cells drives cancer initiation
An excessive and persistent self-renewal signal is one of the key events involved in the initial stages of carcinogenesis [14] . This has been clearly demonstrated in the hematopoietic system, in which oncogenic events including BCR-ABL translocation and constitutive activation of STAT5, enhance the self-renewal of HSCs and establish chronic myeloproliferative disorders [15, 16] . It is believed that rare transforming events tend to occur in stem cells since they are the only cells that self-renew throughout the lifetime. In fact, increasing evidences support the idea that stem cells and their immediate progeny may be the primary targets of transformation.
In the present study, using highly purified hepatic stem/progenitor cells and clonal analyses, we directly demonstrated that dysregulated self-renewal drives transformation of hepatic stem/progenitor cells (c- [17] . We first confirmed that the two major self-renewal reg- ulators of a broad range of stem cells, Bmi1 and the Wnt/β-catenin signaling pathway, also regulate self-renewal of hepatic stem/progenitor cells in culture ( Fig. 2A) . Intriguingly, their effects were specific to hepatic stem/progenitor cells and did not enhance the colony-forming activity of the other cell fractions. These findings suggest that Bmi1 and active β-catenin preferentially promote stem cell self-renewal but do not confer a growth advantage or self-renewal capacity on cells with limited growth and differentiation potential. Tumorigenicity of these cells was also assessed by transplantation into non-obese diabetic/severe combined immunodeficient (NOD/scid) mice. Transplantation of Bmi1-or β-catenin-transduced cells clonally expanded from single hepatic stem/progenitor cells developed tumors (Fig. 2B) . The tumors showed both solid proliferation of albumin + cells and cytokeratin 7 + duct-like structures corresponding to with welldifferentiated cholangiocarcinoma. The tumor contained focal areas with hepatocyte-like polygonal cells having eosinophilic cytoplasm and importantly several small nests of bipotent cells, expressing both albumin and cytokeratin 7 simultaneously. Spindle-shaped undifferentiated cells with characteristics of sarcoma were also observed in the tumors. The two major components of the tumor, hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC) were intimately intermingled each other and exhibited no clear border,which distinguished the tumor from so called "collision tumor" consisting of HCC and CC. Taken together, these tumors were diagnosed as combined hepatocellular and cholangiocarcinoma (cHCC-CC).
These observations imply that dysregulated selfrenewal of hepatic stem/progenitor cells serves as an early event in hepatocarcinogenesis, and highlight the important roles of Bmi1 and the Wnt/β-catenin signaling pathway in regulating self-renewal of normal and/or cancer stem cells in the liver.
Cancer stem cells in hepatocellular carcinoma
The new concept of cancer stem cells is based on the idea that stem cells are present also in cancer tissue and a hierarchy of cells is formed, as is the case with normal tissue. Even, in the classical cancer research in the 1960's, it was clear that, among cancer cells, only those consisting of certain minor cell populations have tumorigenicity. For example, it was known that, when 10 6 cancer cells are transplanted into nude mice, 10 6 tumors will not be formed, but instead only an extremely small number of tumors will be formed. These cells with tumorigenicity which exist as extremely minor cell populations among all cancer cells are called tumor-initiating cells (T-ICs). In order to explain this phenomenon, two different hypotheses were proposed. One of these is the stochastic model which claims that the cells that comprise a tumor are, in principle, homogeneous and that only those cells in which certain events occurred incidentally turn into T-IC, forming tumors. The other hypothesis is the hierarchy model which claims that the cells that comprise a tumor are, in principle, heterogeneous and that only a part of tumor cells function as T-ICs, forming tumors. This explanation of T-ICs in the hierarchy model provided the basic concept for the idea of cancer stem cells. Cancer stem cells have been identified in leukemia, breast cancer or glioma by separating T-ICs from heterogeneous cancer cell populations.
Also in the human liver cancer cell line, by separating side population (SP) cells using their dye efflux capacity generated by the expression of ABC transporter as an index, the presence of T-IC for hepatoma exclusively in SP cell fraction has been shown [18] . Specifically, it was shown that the liver cancer stem cells with tumorigenicity and multipotency can be separated and collected by separating SP cells which account for only about 0.25% (Huh7) or about 0.80% (PLC/PRF/5) of HCC cell line by using flow cytometry (Fig. 3A-B) . Conversely, it was revealed that most HCC cells (non-SP cells) surprisingly do not have tumorigenicity. In vitro studies did not demonstrate much difference in proliferative capacity between SP and non-SP cells, but revealed that SP cells are more resistant to apoptosis than non-SP cells. Moreover, SP cells were found to contain HCC cells that have bipotentiality to differentiate into hepatocytes and cholangiocytes at higher frequency compared to non-SP cells, indicating that SP cells have characteristics that are closer to those of undifferentiated hepatic stem/progenitor cells. The important research theme in the future would be to identify cancer stem cells in clinical samples from liver cancer patients and to elucidate their phenotype and cellular biological properties in detail.
Perspectives
In terms of hepatocarcinogenesis, it was traditionally believed that long-term, repeated processes between injury and regeneration of damaged mature cells induces accumulation of multiple genetic or epigenetic alterations, which ultimately leads to cancer development [19, 20] . However, the recent "cancer stem cell hypothesis" implicates the existence of a minor population of cells with self-renewal in the pathogenesis of a variety of cancers, including HCC [21] . Moreover, it is considered that tumor development, at least in some HCC cases, can be attributed to the propagation of the stem/progenitor cell component in hepatocarcinogenesis [22] . Given the close association between inflammation and carcinogenesis, it is reasonable that chronic and persistent tissue injury such as hepatitis viral infection might expand and activate the stem cell pool, thus predisposing the patient to cancer initiation [23] .
Currently, the association between the hepatic stem cells present in normal hepatic tissue and cancer stem cells present in liver tumor is not clear, but in many cancers, somatic stem cells are considered to turn into cancer stem cells. Cancer stem cells in many types of liver tumor, however, cannot simply be considered to be derived from hepatic stem/progenitor cells because viral insertion into genome is clearly a direct cause of cancer development in HCC caused by hepatitis B. It should be also assumed that there might be a case in which differentiated hepatocytes regain the trait of stem cells by malignant transformation. Nevertheless, in some types of liver tumor including combined hepatocellular and cholangiocarcinoma, experiments strongly indicated that cancer stem cells were derived from hepatic stem cells. Therefore, in the future, research should be conducted employing prospective experimental system using purified hepatic stem cells, aiming at restructuring the process of malignant transformation to clarify what kind of events should occur in hepatic stem cells for hepatoma or biliary tract cancer to develop. Furthermore, it is crucial to reveal similarity and difference between tissue stem cells in normal tissue and cancer stem cells in cancer tissue by comparing them using the methods including gene expression profiling.
It has been gradually revealed that, in cancer tissue, there is a hierarchical society of cells, which was created based on the systematic cell differentiation and has stem cells on the top, as in the case of normal tissue. Cancer cells that comprise cancer are not homogeneous and therefore, it would be important to realize that these cancer cells constitute a heterogeneous cell population (A) (B) with hierarchical property. There is an urgent need to identify cancer stem cells in liver tumor which affects enormous numbers of people and to elucidate their phenotype and cellular biological properties. Furthermore, progress is strongly desired in the research conducted to answer the questions of what kind of events should occur in normal hepatic stem cells or progenitor cells for malignant transformation to happen, and what kind of events should occur in normal hepatocytes for them to regain the property of stem cells (re-programming) as well as other issues, aiming at restructuring the process of malignant transformation by employing prospective experimental system using hepatic stem cells or hepatocytes.
